Introduction
[2] The California Current System (CCS) is the eastern boundary current of the North Pacific ocean off the U.S. and Mexico west coasts. Its northern extent is marked by the southward branch of the bifurcating North Pacific Current (also known as West Wind Drift) off Washington, and it extends south to Baja California. A complex current structure is present in the region, including the equatorward California Current, the poleward California Undercurrent, and the Inshore Countercurrent (the Inshore Countercurrent is often called the Davidson Current in certain locations). Detailed reviews of the circulation in the CCS can be found in Hickey [1979 Hickey [ , 1998 and Huyer [1983] .
[3] Prevailing winds during summer are equatorward throughout the region [Huyer, 1983] , resulting in offshore Ekman transport and upwelling along the coast. This is of great importance to the productivity of the waters off the coast, because the rising water brings nutrients to the euphotic zone [Sverdrup et al., 1942] , which is reflected in the distribution of phytoplankton [Sverdrup and Allen, 1939] . The CCS is thus nutrient-rich, sustaining a highly productive food web [Walsh, 1977] . During winter, the wind forcing is strongly downwelling-favorable in the northern region [Huyer, 1983; Bakun and Nelson, 1991] , particularly off Oregon and Washington, but as far south as 35°N during storms.
[4] There have been several observational efforts in the CCS over the last 20 years or so, which dramatically changed our view of the region. Originally, the CCS was viewed as a very broad and weak equatorward flow [Wooster and Reid, 1963; Hickey, 1979] . Synoptic surveys have shown that this can be quite misleading [Huyer et al., 1998] , and intense jets with core velocities of 0.5 -0.8 m s À1 lying offshore of the continental margin are frequently found [Kosro and Huyer, 1986; Chelton et al., 1987; Kosro et al., 1991; Strub et al., 1991; Barth et al., 2005] . The California Current is often concentrated in a narrow, meandering jet embedded in a rich eddy field [e.g., Strub and James, 1995; Kelly et al., 1998; Brink et al., 2000] . The recent availability of long-term surface drifter and satellite sea level data allow for descriptions of the seasonal cycle of the California Current and eddy fields [Kelly et al., 1998 ; Strub and James, 2000, hereafter SJ2000].
[5] Field data from summer off northern California often show the jet flowing along a sharp gradient in sea surface temperature (SST) [Kelly, 1983; Swenson et al., 1992; SJ2000] . Huyer et al. [1998] showed that the baroclinic velocity extends down to 200 m and more, without significant changes in the position and orientation of the jet, although decreasing in intensity by a factor of 5 or more. Thus, the locations of the SST fronts are a relatively good proxy for the location of the jet. However, this is not always true, as the SST reflects not only the mesoscale velocity field, but also other superficial processes of short duration and small scales, such as internal waves, turbulence, and inhomogeneities in surface heating and mixing [Huyer et al., 1998 ]. One of the most important aspects of ocean fronts is that they are characterized by convergent flow at the surface [Bowman, 1978] . For this reason, fronts are regions that are rich in biological productivity. Free floating biota are drawn into frontal zones due to the prevailing convergent flow, a process that in time can lead to a fully developed food chain as fish at higher trophic levels are likewise attracted to these regions in search of food.
[6] Frontogenesis in the surface layer of the ocean on time scales of a week or less results primarily from differential horizontal and vertical temperature advection [Roden and Paskausky, 1978] . In the CCS, one cause of ocean fronts is coastal upwelling, which is a dominant physical process within about 50 km of the coast from spring to early fall. Because upwelling fronts tend to slope in the same direction as the cross-shelf topography, they are often referred to as prograde fronts [Mooers et al., 1978] . Small scale fronts may be associated with estuarine/river discharge. Near the coast in shallow water where the influence of bottom topography may be strong, fronts can be associated with major bathymetric features, particularly along the continental margin [Holladay and O'Brien, 1975] . Further from shore, upwelled waters may be more the result of positive wind stress curl that leads to divergent flow near the ocean surface, thus controlling Ekman pumping and associated vertical advection. Negative wind stress curl (Ekman convergence) is characteristic of the region even farther from shore [Bakun and Nelson, 1991] (D. B. Chelton et al., Summertime coupling between sea surface temperature and wind stress in the California Current System, submitted to Journal of Physical Oceanography, 2006). That implies favorable conditions for formation of fronts and convergent patches of recently upwelled water [Bakun and Nelson, 1977] . Beyond the region directly influenced by coastal upwelling lies the Coastal Transition Zone [Brink and Cowles, 1991] , a region inhabited by long filaments of cold water that often originate closer to the coast and, in some cases, originate at coastal capes that may serve as upwelling centers. These features possess frontal boundaries that separate them from the surrounding offshore waters. Wave-like instabilities along major upwelling boundaries can lead to eddy formation [Breaker and Mooers, 1986] , which are known to play an important frontogenetic role [Fedorov, 1986] .
[7] Looking at SST fronts in the CCS is particularly interesting, as it has been hypothesized that the ultimate source of energy in the jet in the region is the formation of the density (or temperature) front close to the coast (SJ2000). High spatial and temporal resolution over periods of several months or more makes satellite measurements ideal for observing the evolution of SST fronts. Despite the extensive literature on the circulation in the CCS, few studies have addressed the seasonal evolution of thermal fronts. Breaker and Mooers [1986] used AVHRR (Advanced Very High Resolution Radiometer) imagery to follow the seasonal migration of upwelling-related fronts offshore. They found that off Point Sur (36°N), the major upwelling front migrates offshore during the spring and summer probably due to Ekman transport over periods of days-to-weeks, but consistent with Rossby wave dynamics over longer periods. Castelao et al. [2005] used one year of Geostationary Operational Environmental Satellites (GOES) SST frontal data to describe the seasonal evolution of the fronts focusing on flow-topography interactions. Their study region was restricted to Oregon and northern California. In the present study, we use a 4-year long time series of GOES SST data to identify zones of persistent frontal activity and to describe their evolution throughout the year in the whole CCS. The use of data from a geostationary satellite is a great advantage over using polar-orbiting satellite infrared data, since the study region tends to be cloudy in all seasons, and only relatively few clear AVHRR images are generally obtained [see Chelton and Wentz, 2005, Figure 3 ]. Using the GOES-derived frontal data allowed for much more reliable statistics.
Data and Methods
[8] Maps of ocean fronts in the CCS have been produced using infrared (IR) imagery from the imager on the GOES-10 geostationary satellite. The imager on GOES-10 has improved spatial resolution compared to data from previous geostationary satellites [Menzel and Purdom, 1994] . GOES satellites, because of their geostationary orbit, can acquire several images per day, providing far more opportunities to obtain cloud-free coverage of the study area than could be acquired from polar-orbiting satellites that sample a given location twice each day. With respect to the CCS, persistent cloud cover has limited the utility of polar-orbiting satellite coverage [Breaker et al., 2005; Chelton and Wentz, 2005] .
[9] The GOES-10 geostationary satellite is positioned above the equator at 135°W, providing spatial coverage of a region that extends from 45°S to 60°N, and from 90°W to 180°W. Hourly derived SSTs from the GOES satellites, operated by National Oceanic and Atmospheric Administration's (NOAA) National Environmental Satellite, Data and Information Service (NESDIS), became routinely available in 2000. Multichannel brightness temperatures at 3.9, 11, and 12 microns are retrieved from the imager on the GOES satellites using an operational algorithm to produce SST fields on an hourly basis at approximately 5 km resolution. Utilization of various wavelengths in the multichannel SST and cloud-clearing algorithms produce SST retrievals with acceptable accuracy when compared to buoy observations (E. Maturi, personal communication, 2005) . By using a multichannel retrieval algorithm, the effects of atmospheric moisture are also removed. A cloud screening algorithm using the multi-channel approach of Wu et al. [1999] is used to identify picture elements (pixels) in the image that are obscured by cloud. However, marine stratus along the U.S. west coast is often similar in temperature to the underlying SST, and thus the influence of cloud cover may not always be removed [Breaker et al., 2005] .
[10] After cloud screening, daily-averaged SST fields are calculated for the period from 2001 to 2004, based on 24 hourly GOES SST fields. A Sobel gradient operator is used to estimate the sea surface temperature gradient magnitude (SSTGM). SST fields are then processed by an edgedetection algorithm [Canny, 1986] to identify SST fronts. The SST field is first smoothed, followed by the computation of the gradient vector. The algorithm then tracks in the direction of the gradient, suppressing any pixel that is not a local maximum (nonmaximum suppression). The thresholding in the edge-detection algorithm is done with hysteresis. The algorithm first looks for pixels with gradient magnitude larger than a threshold T 1 . These pixels are flagged as frontal pixels. Then, the algorithm tracks along a front crest (i.e., perpendicular to the gradient), flagging pixels as frontal pixels until the gradient magnitude falls below a smaller threshold T 2 . This helps to ensure that noisy edges are not broken up into multiple edge fragments. Thresholds employed are 0.006 and 0.0015°C km
À1
. Note that the Canny method involves significantly smoothing the SST field before computing the gradients. A typical declouded SST image overlain with the detected fronts is shown in Figure 1 . Note that some of the apparent fronts in offshore waters not detected by the edge-detection algorithm are dependent on the choice of the color palette and scaling used to construct Figure 1 . Comparisons of fronts detected with gradient magnitude images show the chosen threshold values capture most of the main fronts in the CCS. Due to the large spatial and temporal variability in cloud cover, comparisons of frontal occurrences between different regions and time periods is often difficult, since each region is, in general, sampled at different times. This is especially important when making seasonal comparisons of composite frontal images, since the amount of cloudiness is variable in space and time. Following Ullman and Cornillon [1999] and Mavor and Bisagni [2001] , for each frontal image, we take the number of times a particular pixel qualifies as a front and divide this value by the number of times that the pixel was clear during that time period, yielding a probability of detecting a front (PDF). Since SST gradients are weak during winter, although fronts may occur, they are more difficult to detect using SST as a tracer. Because of the processing methods employed, it was not possible to extract frontal activity within the first 30 km of the coast.
Seasonal Evolution of SST Fronts
[11] The climatological frontal activity in the CCS presents substantial variability, both spatially and temporally ( Figures 2a and 2b and Figures 3a and 3b ).
January-February
[12] At the beginning of the year, during Jan-Feb, the PDF averaged over the entire CCS is at a minimum (Table 1 ). There is a roughly 100-150 km wide band close to the coast to the north of Point Conception (34°N) with nearly zero PDF ( Figure 2a ). That pattern is only broken to the north of the Columbia river mouth (46°N), where the PDF increases significantly. During winter, the prevailing winds and coastal currents off Oregon and Washington are northward. The plume from the Columbia river is usually observed north of the river mouth [Hickey, 1989 [Hickey, , 1998 García Berdeal et al., 2002] , which could explain the localized increase in the PDF observed there. The plume creates a shallow layer which can become warmer than surrounding waters due to surface heating. Also, river waters during winter are generally colder than oceanic waters. Both processes would lead to enhanced PDF. The wintertime PDF is relatively high in the Southern California Bight (SCB), between 28°and 35°N offshore, and along a thin band off the Mexican coast, where the climatological wind forcing is upwelling favorable even during the winter. These areas also have local intensification in the SSTGM (Figure 3a) , but values are generally small.
March-April
[13] In late winter and early spring (Mar-Apr), the PDF is still very low north of Cape Mendocino, but increases considerably south of it. This is consistent with the wind stress seasonal cycle and the seasonal development of upwelling. The climatological winds in the northern part of the domain are very weak in early spring [Strub et al., 1987] , but upwelling favorable winds intensify south of Cape Mendocino (41°N) [Huyer, 1983] . This suggests coastal upwelling is an important mechanism for generation of the fronts. High values are found between Point Arena Figure 2a) . A local increase in frontal activity is also found around Heceta Bank ($44°-45°N), and from the Columbia river mouth to the Strait of Juan de Fuca (48°N), although the PDF is much smaller than to the south of Cape Blanco (43°N). In those regions north of 43°N, the highest PDF is found inshore of the 200-m isobath.
[15] South of Cape Blanco, the accumulating input of energy from the wind to the system leads to the intensification of the coastal upwelling jet and the persistent occurrence of SST fronts. Maximum values are found in a thin band extending all the way to the SCB, but high values are found in a much wider and convoluted area compared with late winter and early spring. The SSTGM map (Figure 3a ) reveals that stronger fronts are found just south of Cape Blanco and Cape Mendocino, off Point Reyes and in the SCB. The increase in the distance from the coast where a high PDF and SSTGM are found occurs to the south of Cape Blanco. Previous studies have shown that an equatorward jet regularly separates from the coast at Cape Blanco to become an oceanic jet Barth et al., 2000] . It is interesting to note that the area with high PDF suddenly narrows between Cape Mendocino and Point Arena, before widening again to the south. This may be the signature of a (warm) anticyclonic meander frequently observed west of Point Arena [Lagerloef, 1992; SJ2000] and shown in maps of dynamic height in the CalCOFI (California Cooperative Oceanic Fisheries Investigations) data [Wyllie, 1966] . The narrowing of the area with high PDF in the 4-year average supports the observation that the meander repeatedly appears in different years. Also striking in the late spring PDF map is the localized narrow feature found just off Point Reyes (also seen in the SSTGM map), with high values extending for about 170 km from the coast. This is presumably associated with the development of cold upwelling filaments, which are frequently observed at that time of the year [e.g., Strub et al., 1991; Barth et al., 2002] .
A somewhat similar feature is also observed off Point Conception, although with smaller probability values. Off northern Baja California, the increase in the area with high PDF and SSTGM close to the coast is less evident than between 34°and 43°N.
July-August
[16] The PDF field evolves considerably from late spring to summer. The highest overall PDF in the CCS is found in the Jul-Aug composite (Table 1) . North of Cape Blanco, values increase substantially compared with May-Jun (PDF in excess of 25% in some places) in a band extending $50-100 km from the coast. SST images from several years show that the upwelling region north of Cape Blanco during summer is much narrower than south of it [Strub et al., 1991; Barth et al., 2000 ; SJ2000] (among others), a result supported by in situ data Barth et al., 2000] . The fronts, therefore, occupy roughly the same region for long periods of times, leading to the high PDF found there. Over Heceta Bank, the maximum PDF follows the 200-m isobath, with a region of decreased PDF inshore. A detailed analysis of the seasonal evolution of GOES SST fronts around Heceta Bank is found in Castelao et al. [2005] .
[17] As in late spring, the width of the area with high PDF increases south of Cape Blanco. There is a remarkable difference from before, however. In May-Jun, maximum values south of Cape Blanco were found close to the coast, decreasing offshore. This is no longer true in the Jul-Aug climatology. Maximum values are found scattered in a $200 km wide region, and are smaller in magnitude than north of Cape Blanco. Several numerical [e.g., Haidvogel et al., 1991; Batteen, 1997] and laboratory [e.g., Narimousa and Maxworthy, 1989 ] modeling studies have shown that more vigorous meanders and filaments are produced when capes are introduced. Irregularities in the coastline geometry are thus key elements for anchoring upwelling filaments [Batteen, 1997] . The Cape Blanco region was identified as the location where the inshore edge of the California Current leaves the coast and develops a meandering jet to the south [e.g., Barth et al., 2000; Batteen et al., 2003] , leading to constant shifts in the position of the SST fronts, which could explain the smaller PDFs found there. The SSTGM is relatively large upstream of Heceta Bank and Cape Blanco, and decreases abruptly south of the cape. SJ2000 suggest conversion of potential energy to eddy kinetic energy (EKE) around the core of the jet by instability processes as the system moves offshore is an important mechanism responsible for weakening the fronts. The constant shift in the position of the fronts is also certainly important for weakening the average gradient magnitude south of Cape Blanco. South of Cape Mendocino, the region with high PDF narrows again (as in late spring), with the signature of the anticyclone located there intensified. West of Point Arena, high PDF is encountered out to $300-350 km from the coast, a signature of upwelling filaments which inhabit the Coastal Transition Zone [Brink and Cowles, 1991] . The recurrent anticyclone is apparently coupled with recurrent cold upwelling filaments [Lagerloef, 1992] , which are frequently observed off Point Arena [e.g., Strub et al., 1991; Swenson et al., 1992; Huyer et al., 1998 ]. [18] The band of high PDF is considerably narrower south of Monterey Bay. In fact, the width between Monterey Bay and Point Conception is approximately equal to the width found in late spring. One of the most remarkable features in the Jul-Aug SSTGM field is the region of low values between Monterey Bay and Point Conception. Offshore of the coastal band ($100 km west-southwest of Point Conception), the PDF and the SSTGM are very low. In the SCB, the PDF is high. During summer, upwelled water from the north is advected into the northern part of the Bight [Hickey, 1992] , while warm water is carried into the southern part of the Bight by a cyclonic turn of the currents (SJ2000), establishing strong temperature fronts (Figure 3b ). Off northern Baja California, fronts are concentrated close to the coast, particularly in the vicinity of Punta Eugenia (28°N), with a rapid decrease of the PDF in the offshore direction. The SSTGM is also higher close to the coast, decreasing in the offshore direction. The decrease in frontal activity in the offshore region off Baja may be partially due to increased solar insolation, which partially offsets upwelling leading to nearly homogeneous temperatures in the offshore direction [Bakun and Nelson, 1977] . That may have also been affected by the occurrence of a weak El Niño during 2002 -2003 [Murphree et al., 2003] , which tends to decrease upwelling, which in turn decreases instabilities of alongshore flow and mesoscale activity [Durazo and Baumgartner, 2002] . It is very clear, however, that the offshore extent of the region with stronger fronts increases toward the south off northern Baja California. Brink et al.
[2000] used 2 years of drifter data to show that almost all drifters that reached as far south as 15°-25°N turned westward. The drifters continued westward in the North Equatorial Current, and they estimated that the northern edge of the current was at $25°N. This might explain the increase in the offshore extent reached by stronger fronts in the southern part of the domain shown in Figure 3b during early to midsummer, although this region is north of the position of the current based on historical observations.
September-October
[19] Climatological wind forcing is still upwelling favorable over most of the region during Sep-Oct (the exception is north of Cape Blanco during October). Although the overall averaged PDF decreases from early-mid summer (by less than 10%, Table 1), the width of the region with high PDF is at a maximum (Figure 2b) . North of the Columbia river mouth, the most persistent location with occurrence of fronts has moved offshore compared to spring, and is located offshore of the 200-m isobath. The width of the area with high PDF also increases around Heceta Bank, but there is not much change in the location of the highest values (i.e., still follows the 200-m isobath). The increase in the area of frontal activity is most evident from Cape Blanco to Monterey Bay, where high values are found extending more than 300 km from the coast. Capes direct flow offshore, and filaments form which also have frontal boundaries. This is consistent with results from other years. SJ2000 reported that the core of the equatorward flow in October 1993 occurred 300 -350 km from the coast south of 43°N, with a convoluted region of cool water farther inshore. The PDF decreases rapidly beyond this region. A similar decrease is also observed in the monthly averaged altimetric and drifter-derived surface EKE field [Kelly et al., 1998 ]. Haney et al. [2001] used a numerical model to show that this rapid decrease can be attributed to the transformation of upper-ocean baroclinic shear EKE, associated with SST fronts via thermal wind, to deeper EKE (i.e., barotropization). Upwelling filaments off Point Arena at this time extend out to 500 km from the coast. As during early summer, the SSTGM decreases sharply to the south of Cape Mendocino.
[20] In contrast to results north of Monterey Bay, there is not a great increase in the width of the area with high PDF south in the SCB and off Baja California. This area is actually characterized by relatively high PDF year-round, with little seasonal widening of the area with high PDF. Throughout the year there is a consistent tendency for a lobe of anticyclonic wind curl to penetrate coastward from the offshore region to contact the coast of Baja California around 30°N Nelson, 1977, 1991] , which might help explaining the persistent occurrence of fronts there. Drifter data from Brink et al. [2000] showed evidence of a strong meandering jet (speeds >0.4 m s
À1
) north of 35°N. The number of drifters embedded in strong jets decreased substantially between 35°and 30°N, becoming nearly nil south of that. Since strong jets often have an associated surface temperature front (as is frequently the case in the CCS), the PDF and SSTGM climatologies presented here are generally consistent with this interpretation. There is a strong decrease in the PDF in the offshore region between 35°N and 30°N, and very low values south of that (note that low values in that area are also observed in spring). The SSTGM is also small in that area during spring and summer. High values are only found close to the coast, a region poorly sampled by the drifters [see Brink et al., 2000, Plate 1] .
[21] The PDF and SSTGM fields during July to October suggest the existence of 3 different regions in the CCS during summer. The first region extends from halfway between Cape Mendocino and Cape Blanco to Vancouver Island. Fronts there are frequent, strong, and spatially locked within $100 km from the coast. In the second region (Point Conception to halfway between Cape Mendocino and Cape Blanco), fronts are frequent, but spread out up to 300-500 km from the coast. The climatological SSTGM is substantially weaker than in the north. In the third region (south of Point Conception), fronts are strong and frequent, but restricted to close to the coast.
November-December
[22] November and December are characterized by predominantly poleward wind forcing north of Cape Mendocino, and weakly upwelling favorable winds to the south. This leads to a rapid decrease in frontal activity observed in the CCS. Consistent with the wind forcing, the strongest decrease is observed off the Oregon and Washington coasts (Figures 2b and 3b) . South of Point Arena/ Point Reyes, a region with higher PDF is found offshore (127°W, 37°N to 119°W, 28°N) , roughly 300 km from coast, with smaller probabilities inshore (except for northern Baja California, which also has high values in a narrow band close to the coast). The SSTGM map presents a similar pattern, although higher values offshore do not extend north of 35°N. The offshore maxima in the PDF and the SSTGM decrease with time, and smaller values are found early in the year (Jan-Feb).
Offshore Migration of the Fronts
[23] Breaker and Mooers [1986] showed that the alongshore mean position of the major upwelling front off Point Sur migrates offshore during spring and summer. Using altimeter data from 1993 -1995, Kelly et al. [1998] showed that, on seasonal time scales, the sea surface height anomalies between Cape Mendocino and Monterey Bay progress as a series of westward propagating anomalies. They estimated a phase speed of about 0.032 m s À1 for the region between 36°and 40.5°N. For the same region, the altimetric estimate of EKE westward propagation rate was about 0.038 m s À1 . This coupling of EKE and mean flow patterns is consistent with the eddy variability being caused by instabilities of the mean flow [Brink et al., 2000] . The offshore movement of energy in the jet and eddy system was also reported by SJ2000 using a longer altimetry record, with observed speeds of approximately 0.026 m s
À1
. If SST fronts are associated with the southward meandering jet and eddies, we would expect to observe a similar offshore migration in the PDF.
[24] The daily position of the SST fronts during 2001 were averaged in the region 36°-43°N. By computing timelagged, 95% significant cross correlations of the front positions, we obtain a westward motion from mid-April to October at 0.03 m s À1 ($2.6 km day
), consistent with the previous estimates.
Dominant Modes of Variability
[25] An empirical orthogonal function (EOF) decomposition was performed in order to determine the dominant spatial and temporal modes of frontal variability. For this analysis, we focus our attention on the region north of Point Conception, where strong meandering jets are found. The method of Overland and Preisendorfer [1982] was used to determine which modes can be distinguished from the results of an EOF analysis of a spatially and temporally uncorrelated random process. For the first 3 modes to be significant at the 95% confidence level, they should each explain at least 2.4% of the total variance. The first three modes described here satisfy this criterion. We also examined how much of the local variance was explained by each EOF.
[26] At each pixel location, the temporal mean PDF was determined and then removed from the pixel's corresponding time series. The temporal mean PDF (Figure 4) includes most of the features already described in the seasonal evolution of the PDF, i.e., high values close to the coast (roughly following the 200-m isobath) north of Cape Blanco, with local intensification around the Columbia river mouth, and spanning a wider area south of 43°N. The signature of the anticyclone west of Point Arena and of the upwelling filament to the south are evident.
[27] The first EOF mode (Figure 4 ) explains 14.9% of the total variance in the CCS north of 34°N, and is clearly related to the seasonal cycle. The spatial pattern closely resembles the mean field, and is characterized by positive values almost everywhere. The strongest signal is found around the Heceta Bank region, close to the 200-m isobath, and on a wider area between Cape Blanco and Cape Mendocino, although with a somewhat smaller magnitude. The seasonal variability in the PDF is considerably smaller to the south. Strub et al. [1987] also observed a strong decrease in the magnitude of the seasonal cycle of several variables (coastal wind stress, adjusted sea level, shelf currents and water temperature) south of 38°N. They observed a slight decrease in the magnitudes north of 43°N. That is not the case for the PDF, where the peak in the seasonal cycle is around 43°-45°N. A decrease is observed north of 45°N, however. The anticyclone and the filament signatures are clearly evident. Also evident are the different characteristics north and south of Monterey Bay. To the north, relatively high values (yellow colors) extend great distances offshore. South of Monterey Bay, high values are restricted to a narrow band close to the coast. An EOF decomposition using data from the larger domain shown in Figures 2a and 2b (not shown here) reveals a similar pattern off northern Baja California, with high values close to the coast and low values offshore. The offshore region south of Monterey Bay, therefore, does not show a strong seasonal cycle with summer intensification.
[28] The amplitude time series for mode 1 exhibits positive values from late spring to early fall (i.e., the PDF is higher than average during this period over the entire domain), and negative values during the winter. The time series also indicates that frontogenesis occurs during spring and summer, while frontolysis occurs during fall. [29] Although explaining 14.9% of the total variance, the first EOF mode actually explains a much larger local fraction of the variance in several locations, in excess of 40% near Heceta Bank and around 30-40% between Cape Blanco and Cape Mendocino ( Figure 5 ).
[30] The second EOF mode explains 4% of the total variance. Large positive values are found close to the coast, with higher values to the south of Cape Mendocino. Also evident is an increase in the offshore extent of positive values south of Point Reyes. The offshore region has small negative values. Despite showing significant variability between the years, the amplitude time series reveal a general tendency for an increase in the values toward late spring (Jun), with a decrease toward winter. This mode may represent the generation of the fronts close to the coast in spring (see also Figure 2a ) in response to upwelling favorable winds especially south of Cape Mendocino. A very low amplitude is found in the fall 2002, and the reasons for that are not clear.
[31] The third EOF mode explains 3.4% of the total variance and is marked by a band of positive values 250-350 km from the coast to the south of Cape Blanco, and negative values inshore. This mode is related to the seasonal variability of SST fronts offshore, with high values found in the fall (see also Figure 2b ). Fronts migrate offshore from the coast or are the result of strong fronts (jets) being deflected offshore south of preferred geographic locations (e.g., Cape Blanco, Cape Mendocino, Point Reyes). These offshore fronts occur where the wind stress curl is typically negative [see Bakun and Nelson, 1991] , a factor that also favors frontal development. Careful examination of the amplitude time series reveals a tendency for positive values from late summer/early fall to winter (increasing the PDF offshore and decreasing inshore) and negative values during spring and early summer (decreasing the PDF offshore and increasing inshore). Offshore frontal probabilities during fall are largest in 2001 due to fronts associated with upwelling filaments primarily off Point Arenas being more persistent than average, and relatively small during 2002 -2004. [32] For both modes 2 and 3, the local fraction of the variance explained (not shown) are similar to the respective EOF spatial patterns, explaining $15% of the variance in the regions where the highest values in the EOF maps are found.
Summary and Conclusions
[33] Using daily-averaged GOES-10 SST retrievals from 2001 -2004, we were able to identify the seasonal evolution of coastal upwelling fronts, as well as fronts associated with meanders and filaments off the west coasts of the United States and northern Mexico. The probability of detecting a sea surface temperature front (the PDF) is presented as a bimonthly climatology, revealing substantial temporal and spatial variability of frontal locations.
[34] Winter is characterized by very low PDF along the entire coast. The PDF remains low during spring to the north of Cape Blanco, but increases considerably south of the cape. This is consistent with the wind stress seasonal cycle [Bakun and Nelson, 1991] and the seasonal development of coastal upwelling. The signature of upwelling filaments is clearly evident beginning in late spring, often linked with major capes and irregularities in coastline geometry. The vicinity of major topographic features is also characterized by stronger fronts (e.g., Cape Blanco, Cape Mendocino). In the south, off northern Baja California, the increase in the area of higher frontal activity is not as evident as to the north of the Southern California Bight (SCB).
[35] The PDF and the SST gradient magnitude (SSTGM) reach maximum values in summer, presumably due to the accumulating input of energy from the wind, leading to intensification of the fronts and the coastal upwelling jet. High PDF is found close to the coast north of Cape Blanco, but span a much wider area to the south. This is consistent with previous studies in the region, which showed that the upwelling jet frequently separates from the coast at Cape Blanco. Fronts associated with upwelling filaments extend several hundred kilometers from the coast during summer. The region with high frontal activity located between Monterey Bay and Cape Blanco widens at about 0.03 m s À1 . Previous studies found similar westward propagation speeds for sea surface height anomalies as well as for altimetric EKE. The SSTGM, on the other hand, is maximum in the Heceta Bank region and around Cape Blanco where frontal activity is concentrated close to the coast, with a substantial decrease south of Cape Mendocino. South of Point Conception, high values of the PDF are found within a band close to the coast and extending offshore over the SCB continental borderlands.
[36] By late Fall, the PDF and the SSTGM decrease over the entire California Current System, consistent with the predominance of northward winds in the north, and the weakening of upwelling favorable winds in the south. However, an offshore region with relatively high PDF is found roughly 300 km offshore, possibly associated with mesoscale variability generated close to the coast earlier in the upwelling season.
[37] An EOF analysis of the monthly frontal probabilities shows significant seasonality. The first EOF reveals the development of SST fronts associated with seasonal upwelling for locations north of Monterey Bay, with less summer intensification to the south. Spring and summer are periods of frontogenesis, while frontolysis occurs during fall. Fronts close to the coast during the spring characterize the second EOF, and the third EOF indicates fronts offshore later in the season.
[38] The present analysis is only a first step to further understanding the frontal characteristics of this area, including interannual variations in SST fronts. The time-series of SST frontal data will be expanded as data prior to 2001 are reprocessed and post-2004 data are gathered. Additional analysis of the seasonal patterns should also be conducted in conjunction with high-spatial resolution wind fields, such as the 12.5 km QuikSCAT product that is under development (M. Freilich, personal communication, 2005) . Also, the region within 30 km of the coast is not covered in the present frontal analysis, due to limitations of the data processing. This region is known from in situ observations to be highly frontogenetic, so extending our analysis closer to the coast will provide further understanding of frontal dynamics in the near-coastal CCS.
[39] A similar analysis could be performed for other eastern boundary currents, in other to obtain information about the seasonal evolution of the fronts in those regions. It would also be useful to look at the evolution of the fronts over shorter time scales than one month. It has long been know that different biota and species of fish are often found on opposite sides of major ocean fronts. A classic example off the coast of California relates to the salmon and albacore tuna fisheries. Salmon are found on the cold inshore side of major upwelling fronts, whereas tuna are found on the warm, offshore side [Breaker et al., 2005] . We believe that analysis of frontal variability and location over the period of a few days would have great applicability for fisheries. The tradeoff, of course, is that fewer cloud-free images would be available. Lastly, we point out that the frontal probability methodology could be applied to other satellite data, in particular color imagery which may be of particular interest because it contains information about the location of primary production. 
